Background. Loss of muscle mass and strength is a common symptom in the elderly population. This is partly a result of the structural changes that occur during the aging process. We applied diffusion tensor magnetic resonance imaging (DTMRI) to determine if water diffusivity in skeletal muscle changes with age.
A DVANCED age is commonly accompanied by a loss in muscle mass and strength in healthy adults (1) (2) (3) (4) (5) (6) . This process is referred to as sarcopenia (7, 8) . Age-related muscle wasting leads to a higher incidence of falls and fractures, and subsequently a reduction in the quality of life (9) (10) (11) (12) . Due to the increasing longevity of individuals and the expanding elderly population, the progression of muscle dysfunction during aging is a topic of scientific and clinical significance.
Age-related muscle wasting is partly due to the structural changes that occur in skeletal muscle (13) (14) (15) (16) (17) . Atrophy of muscle mass of up to 50% and higher has been observed in aged muscle tissue (1, 3, 15, (18) (19) (20) (21) . A contributing factor to this finding is a reduction in muscle fiber size and number. The former has been shown to be disproportionate between the principal fiber types: Types I and II (18, 21) . Type II fibers, which are highly anaerobic, tend to have a marked decrease in size during aging. In contrast, Type I fibers, which are highly aerobic, retain their size. Fiber grouping is also a common age-related abnormality (18) . Generally, fibers of different types have a ''mosaic'' appearance in young muscle tissue. In elderly muscle, fibers of the same type tend to group resulting in a ''patchy'' appearance. This finding has been attributed to incomplete activation of muscle tissue as a result of improper innervation (22, 23) . Another common structural alteration is deformation at the fiber level (18) . Adjacent fibers in healthy young muscle have similar cross-sectional geometries. As a result of aging, muscle fibers begin to deform, some appearing round and others more elongated. These structural changes extend beyond a fiber's cross-section and include fiber architecture. Morse and colleagues (24) observed that the pennation angle of the soleus (SOL) in older adults was 18% smaller than that in young adults. In the medial gastrocnemius (MG), the fiber length was 15% smaller. It has also been reported that nonmuscle tissue-intramuscular fat and connective tissue-increase as a function of age (25) . These combined changes contribute in large part to the loss of strength observed in muscle.
Experimental techniques capable of measuring at the microscopic level would be advantageous in studying sarcopenia. Diffusion tensor magnetic resonance imaging (DTMRI) has been used to indirectly study microscopic changes in various tissues (26) (27) (28) (29) (30) . The theoretic basis of this technique is that, during random diffusion, a molecule probes its environment (31, 32) . Conceptually, diffusion can be visualized with ellipsoids where the eigenvectors of the DT represent the three orthogonal axes of an ellipsoid with the lengths represented by the DT eigenvalues. In skeletal muscle, it has been shown that the principal eigenvalue (k 1 ) corresponds to diffusion directed along the fibers' length (26, 33, 34) , leaving the other two eigenvalues (k 2 and k 3 ) in the cross-sectional plane. Skeletal muscle also has three well-defined eigenvalues, such that k 1 . k 2 . k 3 . Differences in the eigenvalues are assumed to be a result of the complex structural hierarchy of muscle, where the underlying secondary structures have yet to be determined.
In this study, we sought to extend our previous work (35, 36) by determining whether DTMRI is sensitive to agerelated changes in muscle tissue. We also investigated, using linear regression techniques, the relationship between age and DTMRI-acquired parameters from specific muscle groups and whether these parameters demonstrate similar trends to literature results of sarcopenia (37) . Experiments were performed on a healthy population of men ranging from 27 to 67 years of age. DTMRI was used to measure water diffusivity and tissue anisotropy in the SOL, anterior tibialis (AT), and lateral gastrocnemius (LG), and MG. Effects of height, weight, and body mass index (BMI) on DTMRI parameters were also analyzed.
MATERIALS AND METHODS
Thirty-eight healthy men, ages ranging from 27-67 years (mean 6 standard deviation [SD], 46.4 6 14.1 years), volunteered to participate in this study, which was approved by the local Ethics Committee Review Board at the University Hospital of Essen. At the time of the study, only six participants were involved in any strength or endurance training. These men were undergoing training for a marathon at the time of the experiment. Their ages were 39, 52, 53, 56, 58, and 67. Height and weight were measured for all individuals and were used to calculate the BMI (ratio of weight [kg] to squared height [m 2 ]). This index is considered a simple anthropometric feature of fatness (38) .
MRI Experimental Protocol
MRI examinations were performed with the participants' feet first supine in a 1.5 T full-body scanner (Siemens Sonata, Erlangen, Germany). A standard transmit/receive extremity coil was used to scan the calf region of each participant's left leg. To reduce overall examination time, only one leg was scanned. We assumed that our measurements would be independent of leg dominance. This assumption was based on reported observations of similar muscle strength and function in the lower extremities of healthy men (39, 40) . Participant ankles were not fixed to any angle because muscle fiber lengths have a negligible effect on diffusion measurements (35, 41) . T 2 -weighted axial images were acquired using a single-shot spin-echo EPI sequence with the following parameters: repetition time (TR)/echo time (TE) ¼ 2000/95 ms, field of view (FOV) ¼ 18 3 13.5 cm 2 , interpolated matrix ¼ 256 3 192 (acquired matrix ¼ 128 3 96), slice thickness ¼ 6 mm, and number of excitations (NEX) ¼ 16 (total scan time ¼ 4 minutes). Diffusion gradients were applied along six directions with a b value of 400 s/mm 2 . A T 2 -weighted image, used for calculating the DT, was acquired with a b value of 0 s/mm 2 . A single slice was obtained at the thickest cross-sectional area of the calf. Placement of this image provided ample visualization of all muscle groups being studied. To specify the regions of interest (ROI) for the individual muscles and the thickest cross-sectional area of the calf, a high-contrast axial T 1 -weighted Fast Low Angle Shot (FLASH) sequence was used with the following parameters: TR/TE ¼ 165/4.5 ms, NEX ¼ 2, 36 slices over the entire calf, and using the same FOV, matrix, and slice thickness as the T 2 -weighted images (total scan time ¼ 55 seconds). Slice positioning for the subsequent T 2 -weighted images was determined by manually selecting the T 1 -weighted image with the thickest crosssectional area of the calf.
DTMRI Data Analysis
T 2 -weighted images were processed, and the DT was calculated for each pixel as described by Basser and Pierpaoli (42) . As discussed in our previous work, monoexponential behavior in diffusion and T 2 were assumed for this study (35, 36) . ROIs were specified for four different muscles by using the individual FLASH image. The muscles analyzed were the SOL, LG, MG, and AT. The ROIs included approximately 300 pixels. For each ROI, four calculations were made: three eigenvalues of the DT (k 1 ! k 2 ! k 3 ) and the fractional anisotropy (FA), which is a function of all three eigenvalues that varies from 0 (isotropic) to 1 (anisotropic) (31) . These quantities were averaged over all the pixels within the ROI. Fascia, nerves, blood vessels, and fat were excluded by manual segmentation from the ROI before calculation of the four parameters. All computations were performed using MATLAB 7.0 (The MathWorks, Inc., Natick, MA).
Data and Statistical Analyses
The means of the eigenvalues and FA were calculated for each muscle ROI. DTMRI parameters, age, height, weight, and BMI were then averaged for each age or BMI group. All results were presented as the mean 6 standard error of the mean (SEM). The data were analyzed either by separating the total population by age or BMI, or as continuous variables. Age cutoff was based on the mean age of the participants. All participants , 2 ) (43). The six athletes had normal BMI. A oneway analysis of variance (ANOVA) was performed between the individual groups for age and BMI. Relationships between the DTMRI parameters and age, weight, height, or BMI were determined using simple linear regressions. Multiple linear regressions were performed to evaluate the age effect on the DTMRI parameters when controlling for weight, height, and BMI. Statistical significance was set to p , .05. All statistical tests were performed using SPSS 13.0 (SPSS Inc., Chicago, IL).
RESULTS

Group Comparisons
Young participants were found to be significantly taller than old participants (181.9 6 1.6 cm vs 174.8 6 1.6 cm; p ¼ .004), whereas participants with normal BMI weighed less than those with an elevated BMI (73.2 6 2.1 kg vs 90.5 6 1.9 kg; p , .0001).
Age-related differences in the eigenvalues are presented in Figure 1 , A-C, for each muscle group. Statistical variations were observed in all three eigenvalues of SOL and MG, k 1 and k 2 of LG, and none for AT. All eigenvalues from the plantar flexors were larger in young than in old muscle. For AT, this trend was only observed for k 1 and k 2 . Although nonsignificant, k 3 was larger in old than in young AT. In contrast to the eigenvalues, FA was only significant in AT, with more anisotropy being observed in young than in old participants ( Figure 1D ).
Negligible differences in eigenvalues were observed when comparing groups by BMI (data not shown). Only k 2 and k 3 in MG were found to be significantly larger in participants designated Normal versus Over. In contrast, a significant increase in FA for MG was observed in participants designated Over versus Normal (data not shown).
Linear Regression
Presented in Table 1 are the significant fits of the DTMRI parameters to age for each muscle group. In general, the DTMRI parameters had an inverse relationship to age, represented by a negative slope. Only k 3 in AT produced a positive slope. Strong relationships to age were observed for k 1 and k 2 in the plantar flexors. In contrast, AT generated relationships of k 3 and FA to age. Linear trends of DTMRI parameters to height, weight, and BMI were not as prevalent as to age (data not shown). Nonetheless, significant fits were observed for MG, which included k 1 and k 2 to height (respectively, r ¼ 0.373, p ¼ .021, slope ¼ 0.007 and r ¼ 0.328, p ¼ .045, slope ¼ 0.005) and k 3 to BMI (r ¼ 0.365, p ¼ .024, slope ¼ À0.12). When using the constants from Table 1 , FA of AT declined by 20% from 27 years to 67 years of age. This parameter showed the largest change with age. A plot of the FA data and fit with age, including 95% confidence levels and designation of data by BMI group, are presented in Figure 2 . The smallest was k 1 of SOL, with only a 7% reduction. In general, linear fits of the DTMRI parameters to age for the individual BMI groups produced significant results similar to what were observed from the entire population.
Results from the multiple regressions of the DTMRI parameters to age and anthropometric measures are presented in Table 2 . A similar outcome to the previous analysis was observed (Table 1) . From all the significant fits in Table 1 , only k 3 in MG did not produce a significant result with age (p ¼ .064). Relatively little change in the slope of the fits with respect to age was noticed between the multiple and simple regressions. This implies a strong relationship Figure 1 . Box plots of the principal eigenvalues (k 1 ; A) second eigenvalues (k 2 ; B), third eigenvalues (k 3 ; C), and fractional anisotropy (FA; D) for all muscles in both age groups. Along the horizontal axis are the individual muscles: anterior tibialis (AT), lateral gastrocnemius (LG), medial gastrocnemius (MG), and soleus (SOL). Statistical significance is set at *p , .05 and **p , .01. of the DTMRI parameters to age that is independent of the anthropometric measures. None of the anthropometric measures produced significant results when controlling for age.
DISCUSSION
In this study we demonstrated that water diffusivity in skeletal muscle of the human calf varies as a function of age. Many of the DTMRI parameters were affected by age, whereas anthropometric measures had a negligible affect. We observed a significant reduction in the eigenvalues in older plantar flexors, but no change in FA. Conversely, FA was statistically lower in older AT with no large difference in the eigenvalues with age.
Structural changes within muscle tissue are presumed to be the main cause for the age-related variations reported in the eigenvalues of the plantar flexors. As observed in Figure  1 , A-C, k 1 , k 2 , and k 3 varied between groups by roughly the same amount (SOL: À4.5%, À4.0%, and À5.2%, respectively; LG: À5.9%, À7.6%, and À7.0%, respectively; MG: À9.4%, À7.2%, and À8.1%, respectively). These results generated a similar FA between groups (SOL: 0.9%; LG: 2.4%; MG: À3.3%). A possible explanation for these observations may be the reduction of fiber size due to disuse atrophy. When healthy muscles are unused, muscle fibers shrink in size but may maintain their fiber type (44) . It has also been shown by Lexell and colleagues (45) that age does not effect fiber-type composition. Therefore, a reduction in fiber size would simply confine a molecule to a more restricted space resulting in a smaller diffusion coefficient, i.e., eigenvalues. Our finding in the plantar flexors suggests that the geometry and structures of the fibers remain intact; the fibers in older individuals are simply smaller, which may be due to a more sedentary lifestyle.
The structural changes that occurred in AT due to aging differed from what was observed in the plantar flexors. Separating participants by the mean age of the population produced eigenvalues that were comparable between young and old AT. The principal eigenvalue in young AT was À2.9% larger than in old AT. In contrast, the second and third eigenvalues were 1.2% and 6.7%, respectively, smaller in young than in old AT. If the criterion for group selection were set at ages closer to the extremes, such as Young , 40 and Old . 59 (Young: 32 6 0.8 n ¼ 17; Old: 63 6 0.8 n ¼ 11), older AT would have generated a significantly larger k 3 than younger AT (0.91 6 0.03 3 10 À3 mm 2 /s vs 0.82 6 0.02
À3 mm 2 /s; p ¼ .02). All previous results would have remained the same with this new selection criterion. Regardless of group cutoff, the relatively small difference in k 1 and k 2 , and the large variation in k 3 resulted in a À9.6% difference in the mean FA of AT between Old and Young participants. FA dependence on aging suggests nonuniform alterations in AT muscle fiber structure. These observations imply that the structural changes that occurred in the muscle fibers of AT are inconsistent with those of the plantar flexors.
Differences in the muscular response of AT and the plantar flexors (MG and LG) to aging have been reported by Simoneau and colleagues (37) . They showed that muscle torque decreases as a result of age in the plantar flexors but not in AT. Mechanical twitch in AT was also found to be preserved in the older population, which is in contrast to the plantar flexors. They state that the loss of muscular performance with age in the plantar flexors is linked to the atrophy phenomena at the peripheral level (37) . Our observations suggest that some significant changes do occur in all muscle groups with aging. However, the extent of these changes differ between AT and the plantar flexors, which is in agreement with the observations of Simoneau and colleagues.
In general, DTMRI parameters decreased with increasing age. Similar trends were observed in the literature for muscle strength and power. Samson and colleagues (46) showed through simple linear and multiple regressions that age was the predominant factor in muscle performance (46) . Nevertheless, muscle strength visibly had a dependence on height and weight in addition to age. Up to 50% of some performance measures were associated with height and weight. In contrast, our DTMRI parameters were independent of height, weight, and BMI. One inconsistency (k 3 in AT) was observed in our data. This parameter for this muscle generated the only positive slope for a statistical fit. It is worth noting that the magnitude of the slope was similar to that of the slopes of other statistical fits, just in the opposite direction. Although the fit is not shown graphically, k 3 in old AT was shown in Figure 1C to be larger than that in young AT. This finding shows the positive trend in k 3 with age. The factor that contributes to this result is unknown. Nevertheless, the effects of aging on AT differ significantly from those on the plantar flexors.
Some additional age-related alterations in muscle that would have a direct effect on our diffusion measurements include capillary density, peripheral venous pressure, and fiber type shifts. A loss in capillary density or peripheral venous pressure with age may alter muscle blood perfusion, thus adversely effecting our diffusion measurements. It has been reported in the literature that both capillary density (capillaries per mm 2 ) (18,47) and peripheral venous pressure (48), in persons of ages similar to those in our study, does not change significantly with age. Conversely, literature observations of changing fiber type composition with age are mixed (18, 47) . Nevertheless, subtle changes in capillary density, venous pressure, or fiber type could effect measurements acquired by DTMRI. The contribution of perfusion on diffusion measurements can be reduced by using higher b values at a consequence of poorer signal-to-noise (49) . In contrast, changes in fiber type composition would have a direct effect on DTMRI measurements due to alterations in subcellular barriers in the muscle, such as the sarcoplasmic reticulum and mitochondria (50) . These age-and/or lifestylerelated changes highlight the difficulty in relating our results to any specific structural alteration in skeletal muscle.
The inclusion of athletes in our study warrants further attention. The athletes were included to fill the 50-60 year gap in our total study population. Due to the effects of exercise on skeletal muscle (51) , this decision may have adversely affected our results. To determine their contribution to our observations, we had excluded the six participants from the population and repeated the analysis. Removal of the athletes resulted in a shift in the mean age of our population (44.6 6 14.5 years) and a reduction in the number of Normal participants (n ¼ 14). These changes had a negligible effect on our results and no effect on our final conclusion. The most notable difference was on the multivariate regression analysis, where the removal of the athletes resulted in a k 3 that had a significant relationship to age in LG and MG. Although muscle structure is highly sensitive to lifestyle and exercise, the small number of men participating in marathon training did not alter our results or conclusion.
We have demonstrated that parameters acquired by DTMRI are sensitive to age-related changes in skeletal muscle. In our previous work, we had speculated that k 2 may be more sensitive to age-related changes than the other eigenvalues (35) . Our observations showed no such trend for the age range studied. Due to the complex structural hierarchy in muscle, it is difficult to decipher the exact factors that contribute to our observations. In addition, agerelated alterations in fiber structure such as deformation and loss of muscle fibers, an increase of noncontractile mass (such as intramuscular fat), capillary network, and possibly fiber type shifts may have influenced our DTMRI results. Finally, lifestyle will also have a significant effect. Further research over a larger age range with other MRI and histological staining techniques are required in addition to DTMRI to better characterize how the eigenvalues and FA are affected in aging muscle.
